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Abstract
The role of jasmonic acid (JA) in plant wounding response has been demonstrated. However, the source of JA in wound
signaling remains unclear. In the present study, pea seedlings were used as material to investigate the systemic induction
of JA and the activation of lipoxygenase (LOX)-dependent octadecanoid pathway upon wounding. The results showed that
endogenous JA could induce two peaks in the wounded leaves and the stalks, while only one peak in the systemic leaves.
LOX activity and its protein amount were also induced and the stimulation mainly occurred in the late phase, while one
peak of induction was present after pretreatment with JA. Applied nordihydroguaiaretic acid (NDGA), an inhibitor of LOX
activity, only inhibited the induction of JA in the late phase, and the resistance of pea was impaired. Furthermore, 13(S)-
hydroperoxy-9(Z), 11(E)-octadecadienoic acid (13(S)-H(P)ODE) was confirmed to be themain product of LOX throughout the
experimental time. In addition, immunocytochemical analysis also revealed the occurrence of JA biosynthesis and transport
upon wounding. These results demonstrated that wound-induced JA in wounded leaves resulted from its biosynthesis and
conversion from its conjugates, while in systemic leaves resulted from its transport and biosynthesis; and proved that the
LOX pathway was vital to the wound-induced defense response involved in JA biosynthesis.
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Plants have evolved complex defense mechanisms to cope
with the stress caused by wounding and herbivore attack.
For example, local wounding could induce the expression of
defense genes, which are located in undamaged tissue, such
as genes coding for proteinase inhibitors (PIs) (Howe et al. 2000;
Ryan 2000), which function as anti-nutritive agents by blocking
digestive proteases in the gut of the herbivore. The occurrence
of a systemic defense response indicates that some signals
can transfer the wounding situation from the site of the wound
to undamaged tissues (Green and Ryan 1972). Increasing
evidence pointed out jasmonic acid (JA) and its conjugates
as essential wound signals in various plants (Schafleitner and
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Wilhelm 2002; Martin et al. 2003; Rakwal and Agrawal 2003;
Engelberth et al. 2004; Hudgins and Franceschi 2004).
JA and its derivatives, such as methyl jasmonic acid (MeJA),
collectively called jasmonates (JAs), are synthesized from
linolenic acid (LeA) or linoleic acid (LA) by consecutive actions
of 13-lipoxygenase (13-LOX), allene oxide synthase (AOS),
allene oxide cyclase (AOC), 12-oxophytodienoic acid reductase
(OPR3), and β-oxidative enzymes (Wasternack 2007). JAs are
hormones that regulate plant growth and development, including
embryogenesis, seed germination, pollen development and
leaf senescence (Wasternack 2007), but their role in defense
responses against various biotic and abiotic stresses is highly
noticeable, especially when wounded and during herbivore
attack (reviewed by Kessler and Baldwin 2002; Schilmiller
and Howe 2005; Wasternack 2004, 2006, 2007). However,
the exact mechanism of JAs activating the defense response
upon wounding as a systemic signal is still unclear. Graft-
ing experiments with two JA mutants, jai1/spr2, showed that
JA, or a related compound derived from the octadecanoid
pathway, may act as a transmissible wound signal, since the
activation of its biosynthetic pathway in response to wound-
ing or (pro) systemin was required for the production of a
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long-distance signal whose recognition in distal leaves de-
pended on JAs signaling (Schilmiller and Howe, 2005).
LOXs (linoleate:oxygen reductase, E.C. 1.13.11.12) are
non-heme iron-containing dioxygenases that catalyze the hy-
droperoxidation of polyunsaturated fatty acids (PUFAs) with a
(Z,Z)-1,4-pentadiene structure to produce their corresponding
hydroperoxide fatty acids with Z, E-diene conjugation (Brash
1999). Molecular oxygen can be inserted at either 9 (9-LOX)
or carbon atom 13 (13-LOX) of the acyl chain to form 9-
or 13-hydroperoxides derived from LeA or LA, both of which
are the most abundant fatty acids in the lipid fraction of
plant membranes and the major substrates for plant LOXs.
The 9(S)-hydroperoxy or 13(S)-hydroperoxy derivatives are
further metabolized into various biologically active compounds
by at least seven different metabolic branches, collectively
named oxylipins, which play different roles in plant cells (Bate
and Rothstein 1998; Feussner and Wasternack 2002). 13(S)-
hydroperoxy derivatives lead to the biosynthesis of JA. The
wounding response activates the expression of defense gene
by triggering the LOX pathway involved in synthesis of JA, which
is initiated by 13-LOX (Wasternack and Parthier 1997). In this
regard, the positional specificity of LOX could be an important
factor in JA-mediated stress response since the JA biosynthesis
requires only C-13 positional specificity. Studies on antisense-
mediated depletion of 13-LOX indicated that the 13-LOX path-
way played an important role in wound-induced gene expression
in potato plants (Royo et al. 1999). LOXs responded to wounding
and JA in both dicot and monocot species (Schilmiller and Howe
2002; Liavonchanka and Feussner 2006). In barley leaves,
western blot analysis demonstrated that MeJA was also an
effective inducer of LOX accumulation and all genes encoding
enzymes of JA biosynthesis were JA-inducible (Wasternack
2006). Further mutants in JA biosynthesis suggested that JA
biosynthesis was regulated by a positive feedback (Wasternack
2007). LOXs also played important roles in some other stresses,
such as water stress, drought stress and so on (Xu and Zou
1993; Yang et al. 2000).
Although there are many reports concerning the roles of JAs
in plant response, the source of wounding-induced JA is still
unknown. In the present study, we investigated the action of JA
and LOX in response to wounding. The results indicated that
JA responded to wounding in a biphasic manner: in wounding
leaves, the accumulation of JA was related to its biosynthesis
and the conversion of its conjugates; in other leaves it was
related to its transport or biosynthesis.
Results
Endogenous JA level changed rapidly and systemically in
response to mechanical wounding in pea seedlings
Pea seedlings were wounded locally, as shown in Figure 1E,
to investigate the changes of endogenous JA level in the
leaves of various sites of the seedlings and the stalks. The
accumulation of endogenous JA was present in two peaks in
the wounded leaves (Figure 1A), one at 1 h and another at
48 h after wounding. But only one peak of JA accumulation was
detected at 48 h after local wounding in the adjacent and distal
unwounded leaves (Figure 1B,C). Interestingly, JA level also
showed two accumulating peaks at 1 h and 48 h after wounding,
respectively, in the stalks linking the wounded leaves with the
unwounded leaves, which corresponded to the JA induction in
the wounded leaves (Figure 1D). It suggested that JA transport
might exist in early wounding response.
LOX related to JA biosynthesis can be sharply activated
by wounding and exogenous JA
In order to clarify the source of accumulation of endogenous
JA upon wounding in different leaves, 13-LOX, an entry point of
JA biosynthesis, was analyzed by its enzymatic kinetics, protein
and catalytic products just below.
The optimum pH of LOX activity in pea leaves was determined
(data not shown). Crude enzyme extraction of pea leaves was
incubated with LA at pH values ranging from 4.0 to 9.0, and 6.5
gave the highest activities. LOX activity was strongly induced
by both mechanical wounding and exogenous JA in different
manners (Figure 2). Wound-induced LOX activity also exhibited
biphasic accumulation in all kinds of leaves from wounded
pea seedlings (Figure 2A–C). In the wounded leaves, the LOX
activity increased immediately after wounding and reached its
first peak at 5 h, and then decreased gradually to its normal
level at 12 h. The second increase of LOX activity started at
24 h after wounding and reached its peak level at 36 h and
decreased gradually over time. During the entire time course, a
similar response pattern was observed with slight time delay in
the unwounded leaves of wounded seedlings. Nevertheless, the
JA-induced LOX activity increased continuously until 24 h, then
declined during the following experimental time (Figure 2D).
In order to identify the induced proteins by wounding and
exogenous JA, crude enzyme extraction was analyzed by
western blot using polyclonal antibodies against cucumber LOX
as shown in Figure 3. The inducible protein bands were cross-
reacted with these antibodies very specifically as expected.
A major protein about 100 kDa markedly accumulated in pea
seedlings upon wounding and JA treatment. Two peaks of LOX
accumulation occurred at 5 h and 36 h upon wounding and
the later one was higher (Figure 3A). Accumulation of LOX
protein started at 1 h after applied JA, and then proceeded
gradually up to its maximum at 24 h. All of the results above were
consistent with the trends of LOX activity induced by wounding
and exogenous JA (Figure 2). LOX responded to wounding and
JA treatment in a biphasic manner in terms of its activation of
enzyme and accumulation of protein. It was thus suggested
that LOX was regulated at both the enzyme activity level and
the protein level by wounding and applied JA.
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Figure 1. Time course of endogenous jasmonic acid (JA) level in wounded pea seedlings.
(A) Wounded leaves.
(B) Adjacent unwounded leaves from the wounded seedlings.
(C) Distal unwounded leaves from the wounded seedlings.
(D) Stalks from the wounded seedlings. Leaves from intact pea seedlings were assayed as controls (•); leaves from wounded pea seedlings (◦).
(E) Sketch map of wounded pea seedlings.
Values represent the mean of three independent measurements; bars show the standard errors (SEs), each consisting of 30 seedlings.
Lipoxygenases can be classified into 9- and 13-LOXs accord-
ing to their oxygenation position in the plant kingdom. These two
kinds of LOXs always exist simultaneously with variation during
plant development but are responsible for different physiological
functions. So in order to study its role in defense responses,
it is essential to identify the characteristics of LOX. Different
LOXs catalyze the conversion of C18-PUFAs to their corre-
sponding hydroperoxides, so the two products of LOX were
determined in vitro by reverse phase high performance liquid
chromatography (RP-HPLC), 13(S)-hydroperoxy-9(Z), 11(E)-
octadecadienoic acid (13(S)-H(P)ODE) and 9(S)-hydroperoxy-
9(Z), 11(E)-octadecadienoic acid (9(S)-H(P)ODE), respectively.
The 13(S)-H(P)ODE content increased remarkably at 5 h and
36 h upon wounding, almost 1.7-fold and 4-fold, respectively,
compared with the control (Figure 4A). Similarly, the 13(S)-
H(P)ODE content increased almost 2.5-fold and 3-fold at 12 h
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Figure 2. Changes of lipoxygenase activity in pea seedling leaves in response to wounding and exogenous JA.
(A) Wounded leaves.
(B) Adjacent unwounded leaves from the wounded seedlings.
(C) Distal unwounded leaves from the wounded seedlings.
(D) 10 μM JA treatment.
Leaves from intact pea seedlings were assayed as controls (•); leaves from wounded pea seedlings (◦). Values represent the mean of three
independent measurements; bars show the SE, each consisting of 30 seedlings.
Figure 3. Western blot analysis of lipoxygenase (LOX) in response to wounding (A) and exogenous JA (10 μM) (B) in pea seedling leaves.
For each lane, 20 μg protein was loaded in A and B, respectively. In all cases leaves from 30 pea seedlings were pooled for each protein extraction
to obtain an average protein pattern. Proteins were probed with immune serum against cucumber lipoxygenase (diluted 1:1 000). Three independent
experiments were carried out. Bars represent SE and the bands in the nitrocellulose membrane are the result of one of the experiments. Different
letters indicate a statistical difference at P ≤ 0.05 among periods of treatments according to Duncan’s multiple range test.
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Figure 4. Analysis of 13(S)-/9(S)-H(P)ODE production of LOX induced by wounding (A) and exogenous applied JA (B) in pea seedling leaves.
Linoleic acid as substrate was incubated with crude enzyme extracts and the reaction products were assayed by reverse phase high performance
liquid chromatography (RP-HPLC). Intact pea leaves were used as controls. W0, W5 and W36 indicate 0 h, 5 h and 36 h after wounding, respectively;
J0, J12 and J24 indicate 0 h, 12 h and 24 h after exogenous applied 10 μM JA, respectively. Values represent the mean of three independent
measurements; bars show the SE, each consisting of 30 seedlings.
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and 24 h, respectively, compared with the control after pre-
treatment with JA (Figure 4B). The 9(S)-H(P)ODE content
showed no significant difference at 5 h and 12 h after wounding
(Figure 4A) and applied JA (Figure 4B) compared with the
control, but presented significant increase at 36 h and 24 h after
wounding (Figure 4A) and applied JA (Figure 4B), almost 2.8-
fold and 2-fold, respectively. It was noticeable that the content of
9(S)-H(P)ODE was more than that of 13(S)-H(P)ODE (Figure 4)
in intact pea seedlings, which indicated that 9-LOX exerted the
main role in normal plants. However, 13(S)-H(P)ODE content
was still higher than 9(S)-H(P)ODE in the later peak of LOX
activity.
Defense response induced by wounding and exogenous
JA was impaired by pre-treatment with
Nordihydroguaiaretic acid, a LOX activity inhibitor
Nordihydroguaiaretic acid (NDGA), which is a non-selective
LOX inhibitor in terms of reducing the site active ferric ions to the
inactive ferrous state and chelating with ferric ions (Kemal et al.
1987, Yang et al. 2000), was used to study the role of LOX in
the defense response mediated by JA. LOX activity induced by
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Figure 5. Effect of pre-treatment with nordihydroguaiaretic acid (NDGA) on endogenous jasmonic acid (JA), lipoxygenase (LOX) activity and
malondialdehyde (MDA) in wounded pea seedling leaves.
Different treatments were carried out to compare with each other: control, leaves from intact pea seedlings; W, wounded pea seedling leaves; JA, pea
seedling leaves pre-treated with 10 μM JA; N+W, pea seedling leaves pre-treated with 200 μM NDGA before wounding; N+JA, pea seedling leaves
pre-treated with 200 μM NDGA before 10 μM JA. Values represent the mean of three independent measurements; bars show the SE, each consisting
of 30 seedlings. Different letters indicate a statistical difference at P ≤ 0.05 among periods of treatments according to Duncan’s multiple range test.
wounding could be totally inhibited by pre-treated with 0.2 mM
NDGA (Figure 5A). Interestingly, there was still a quick increase
of JA in the initial step of pre-treatment with 0.2 mM NDGA
before wounding, but the peak in the late phase was totally
inhibited (Figure 5B). The content of malondialdehyde (MDA),
which is a product derived from lipid peroxidation, can indicate
the degree of injury of bio-membrane as well as the ability of
defense wounding. MDA content increased almost 58% and
28% in pre-treatment with NDGA before wounding and applied
JA, respectively, which meant the ability of defense wounding
declined.
Immunocytological analysis of LOX and JA in response to
wounding
Immunocytological inspection of LOX protein (Figure 6A–C) and
JA (Figure 6D–F) made the wound-induced LOX and JA visible
at the subcellular level. Gold particles representing LOX mainly
localized in chloroplasts of mesophyll cells of wounded leaves
and minor labeling was observed in cytosol and vacuole. Only a
few LOX gold particles could be observed in the intact leaf tissue
sections, but they increased remarkably at both 5 h and 36 h
in mesophyll cells after wounding (Figure 6B,C), which meant
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Figure 6. Immuno-gold electron microscopy localization of the wound-induced lipoxygenase (LOX) protein and jasmonic acid (JA) in pea seedlings.
Leaves of intact seedlings were sectioned as controls; wounded leaves were collected for analysis at various time points after wounding. A 1:100
dilution of anti-cucumber LOX-antibodies was used for immunocytological analysis (control (A), 5 h (B) and 36 h (C)), and a 1:300 dilution of anti-JA
antibodies was used in (D) (control), (E) (1 h) and (F) (1 h). (G) and (I) note the omission of the anti-LOX/anti-JA to test the possible unspecific labeling
of goat anti-rabbit Immunoglobulin G (IgG) antibody-gold conjugates; (H) and (J) note the use of the rabbit pre-immune serum instead of the rabbit
anti-LOX/anti-JA to test the specificity of the antiserum. CC, companion cell; Chl, chloroplast; CW, cell wall; Cyt, cytoplasm; M, mitochondrion; S,
starch grain; SE, sieve element; V, vacuole. Bars represent 22 nm for all micrographs.
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Figure 6. Continued.
that the accumulation of LOX had occurred. LOX gold particles
predominately distributed in the chloroplast, within which gold
particles mainly occurred at the thylakoid membranes containing
a high level of LeA which was involved in JA biosynthesis.
This was consistent with the fact that most 13-LOXs contained
putative transit peptides for chloroplast import (Nemchenko
et al. 2006) and localized in chloroplasts of photosynthesizing
tissues (Feussner and Wasternack 2002). In fact, all evidence
gathered to date suggested that the 13-LOX pathway occurred
in the chloroplast (Liavonchanka and Feussner 2006). One
band was detected in the immunoblot analysis of total leaf
extracts of untreated pea leaves (Figure 3). Given no less
than one gene encoding 13-LOX in pea leaf chloroplasts, it
was possible that more than one LOX forms were detected in
the immunocytochemical analysis shown here (not exclusively
located in chloroplasts). JA subcellular localization exhibited that
JA, visualized by immunogold particles, was widespread in the
mesophyll cells of pea leaves, and predominantly located on
the cell wall, chloroplast and plasma membrane (Figure 6D).
After wounding, JA gold particles obviously increased in the
vascular tissues of the wounded leaves vein, while the increased
gold particles were densely labeled to the cell wall of sieve
element (SE) (Figure 6E) and cytosol of companion cells (CC)
(Figure 6F).
The omission of the anti-LOX (Figure 6F)/anti-JA (Figure 6H)
was used to test the possible unspecific labeling of goat anti-
rabbit Immunoglobulin G (IgG) antibody-gold conjugates. The
rabbit pre-immune serum was used to test the specificity of the
antiserum instead of the rabbit anti-LOX (Figure 6G)/anti-JA
(Figure 6I). Hardly any immuno-gold particles were detected in
these two test experiments. Furthermore, a gradient of dilution
of anti-LOX and anti-JA were tested to confirm its specificity.
Discussion
JA responds to local wounding in a biphasic manner,
resulting from different sources
It has been well established that JAs play an active role in resist-
ing biotic and abiotic stresses as signal molecules. JAs activate
the plant defense response by means of answering mechanical
wounding rapidly. However, the source of JA accumulation
induced by wounding remains disputed. Comparing Figure 1
with Figure 2, the wound-induced LOX activity (the first peak
appeared at 5 h) was a little behind the “JA burst” (1 h), and the
experiment, which was pre-treated with NDGA before wounding
also provided evidence that blocking of JA biosynthesis effected
the JA burst in the initial stages to some extent. Together
with the increase of 13(S)-H(P)ODE derived from 13-LOX,
but the decline of 9(S)-H(P)ODE 5 h after wounding, it was
suggested that the “JA burst” may be partially the result of de
novo biosynthesis. Besides, the residue of the increased JA
in the wounded leaves should be the source of the release of
JA from pre-existing pools of JA conjugates, such as MeJA
and JA amino acid conjugates, which act effectively. This is in
agreement with Kim et al. (2003). JA accumulation in wounded
leaves in the late phase was in accordance with that of LOX
activity in the aspect of time parameter (Figures 1 and 2).
Inhibition of LOX activity led to the inhibition of the second peak
of JA upon wounding (Figure 5). These findings suggested that
the second slow increase in JA may be the result of de novo
biosynthesis.
The phloem in the main vein is responsible for long dis-
tance transport of signaling molecules and nutrient reallocation
(Oparka et al. 1999). It has been suggested that JA could be
transported throughout the plants as a mobile molecule (Liu
et al. 2002; Bu¨cking et al. 2004). Using the immunogold electron-
microscopy technique, the elevated number of gold particles
(indicating JA) was predominantly distributed in the cell wall of
the mesophyll cells and SE-CC after wounding (Figure 6E,F).
Therefore, the systemic accumulation of JA (Figure 1B,C)
may result from JA transport from wounded source leaves
(Schilmiller and Howe 2005), besides partial de novo synthesis
(Figure 2B,C).
JA biosynthesis is regulated by a positive feedback
Cheong et al. (2002) identified that 90% of early and late wound-
response genes were induced in the early or late phase, but
few (approximately 10%) expressed during both early and late
phases of the defense response. Therefore, they proposed
that plants responded to wounding in a biphasic manner. The
wounding-induced LOX behaved in a biphasic manner in the
present study. It is supposed that JA burst rapidly in wounded
pea leaves, which distributed in vascular bundles and mesophyll
cells (Figure 6), transported, and was then recognized by
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cytoplasmic receptors and plasma membrane receptors
(Bu¨cking et al. 2004). It finally mediated the LOX translation and
activation of enzymes in the early phase (Figures 2 and 3) after a
series of cascade responses. The activation of LOX led to the JA
biosynthesis (the second peak), which in turn stimulated the late
phase LOX. Additional evidence was obtained by intracellular
localization of LOX, exhibiting that LOX localized in chloroplast
were stimulated sharply (Figure 6A–C), which contains only 13-
LOX and were thought to be the primary site of the initial steps
of JA biosynthesis (Porta and Rocha-Sosa 2002). This was also
substantiated that wound-induced JA synthesis was involved in
a positive feedback mechanism whereby JA stimulated its own
synthesis (Wasternack 2007).
Plants evolve more than one mechanism to defense
stresses
Recently, some novel LOXs with dual positional specificity
(DPS) (Hughes et al. 1998) (non-traditional LOX) emerged
from the traditional ones in different plants in response to
wounding and biotic stresses (Kim et al. 2003; Veronico et al.
2006; Wang et al. 2008). These LOXs had both 9- and 13-
LOX specificity, leading to compounds that have an effect on
both developmental processes and defense responses. Use of
a singular LOX species to carry out two essential enzymatic
functions as a 13-LOX and a 9-LOX may be a unique and
efficient regulatory strategy to stresses.
A similar kinetic expression of LOX with DPS has been
reported in maize (Zea mays) in response to exogenous MeJA
treatment (Kim et al. 2003). The authors speculated that 13-
LOX was responsible for the JA biosynthesis in the early phase
and then was followed by its 9-LOX activity responsible for the
plant developmental process in the late phase upon wounding.
13-LOX contributed to the increase of LOX activity not only in
the early phase, but also in the late phase, especially in the
early one, while 9-LOX was just activated in the late phase
(Figure 4). It suggested that LOX respond to wounding in
two ways: one was 13-LOX-dependent, the other was DPS
LOX-dependent. In this regard, wound/JA-induced increase of
9-LOX activity in the late phase may be attributed to DPS
LOX. In fact, DPS LOXs in response to wounding have been
discovered in pea (Hughes et al. 1998; Veronico et al. 2006).
Metabolic intermediates from 13-LOX pathways could mediate
the wounding defense response and that from 9-LOX path-
ways could produce oxylipin-derived defense molecules for the
biosynthesis of cutin monomers and phytoallexins (Blee 1998),
which played important roles in various defense responses
depending on stress factors (Feussner and Wasternack 2002).
One LOX processed two different functions, which might be
a significant adaptation to handle a broad range of stress
factors, including wounding in plants. Additionally, interdiction
of JA biosynthesis by means of inhibition of LOX activity during
the wound-induced defense response led to the impairment of
resistance (Figure 5C), which meant that it was necessary to
activate LOX in the wound defense response. Together with
the above results, it could be concluded that JA was induced
by wounding and operated by its LOX-dependent biosynthesis
pathway, the metabolic intermediates of which played important
roles as signal molecules (Wasternack 2007).
Materials and Methods
Plant material
Ten-day-old pea (Pisum sativum L.) seedlings with six leaves
grown in the greenhouse located in China Agricultural University
were used as materials. After being excised at the base of stems
with a razor blade, the seedlings were placed in white porcelains
with a little water and then recovered for 12 h at 25 ◦C in a growth
chamber with light intensity of 200μmol/m2 per s. The recovered
seedlings were used for the following treatments.
Material treatment
All of the seedlings treated were maintained in a growth chamber
for 15 h of light (200 μmol/m2 per s) at 25 ◦C and 9 h of dark at
19 ◦C at 60% relative humidity.
Wounding treatment: one of the upper fully-expanded leaves
in each recovered seedling was quickly wounded twice at
the central zone perpendicular to the main vein with a pair
of scissors. After the treatment was finished, some of these
samples were immediately fixed with pre-fixation solution for
assay of JA and LOX subcellular localization; others were frozen
in liquid nitrogen and stored at −80 ◦C until further use.
Chemical treatment: the recovered seedlings were immersed
into 10 μmol/L (±) JA (Sigma, St. Louis, MO, USA) under light
at 25 ◦C for root absorption for 1 h as JA treatment. NDGA
(Sigma) (0.2 mmol/L) was sprayed on the pea seedling leaves
until drips formed, for a 40 min infiltration period, then wounding
treatment was conducted as described above as the inhibitor
pre-treatment. After treatments were completed, the pea leaves
were harvested and immediately frozen in liquid nitrogen, and
stored at −80 ◦C until further use.
The leaves from non-pretreated seedlings were used as the
control, which were harvested at the same period as the treated
ones. At least three independent repetitions were conducted for
each treatment.
Analysis of JA
Jasmonic acid was analyzed by enzyme linked immunosorbent
assay (ELISA) using monoclonal antibodies of JA according to
Deng et al. (2008).
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Crude enzyme extraction and LOX enzymatic assay
Leaf tissue was ground to a fine powder in liquid nitrogen, and
1 g powdered tissue was homogenized in 3 mL of ice-cold
extraction buffer containing 50 mM sodium phosphate, pH 6.5,
1% (w/v) insoluble polyvinylpolypyrolidone (PVPP), 5 mM DL-
dithiothreitol (DTT) and 0.1 mM phenylmethanesulfonyl fluoride
(PMSF). The homogenate was centrifuged at 10 000g for 20 min
at 4 ◦C, and the supernatant was used as the enzyme source.
Lipoxygenase activity was determined spectrophotometrically
by measuring the formation of conjugated dienes at 234 nm
and 30 ◦C using LA (Acros Organics, Fair Lawn, NJ, USA) as
substrate according to a method described previously with some
modification (Axelrod et al. 1981; Go¨kmen et al. 2002). The
absorption at 234 nm was recorded as a function of time, for
4–5 min, and the activity was determined from the slope of the
linear portion of the curve. One unit of enzyme activity was
defined as an increase in absorbance at 234 nm per minute
per mg of protein under assay conditions. In order to determine
the optimum pH of the reaction, the assays of the LOX activity
were carried out at various pH values: 0.1 M sodium acetate
buffer (pH 4.0, 4.5, 5.0, and 5.5), 0.1 M sodium phosphate buffer
(pH 6.0, 6.5, 7.0, and 7.5), 50 mM Tris-hydrochloric acid (pH
8.0, 8.5, and 9.0). Protein concentration was determined using
the Bradford assay kit (Bio-Rad, Richmond, VA, USA ) and
bovine serum albumin (BSA) as standard protein according to
the manufacturer’s instructions.
Analysis of LOX products
Lipoxygenase products were determined according to a method
described previously with some modification (Jose´ et al. 1999).
For products analysis, 100 μL crude enzyme extracts were
incubated with 5 mM LA in 50 mM phosphate buffer, pH 6.5, for
1 h at 30 ◦C. Reactions were stopped by being acidified to pH
3.0 with glacial acetic acid. The hydroperoxides were extracted
with chloroform (2 × 0.5 mL), and the lower chloroform phase
was recovered. The solvent was evaporated and the pellet
was dissolved in 0.5 mL methanol for RP-HPLC analysis. RP-
HPLC analysis was carried out by Waters (Milford, MA, USA)
2695 HPLC system coupled with a Waters 2996 photo diode
array detector, using a DIKMA (Beijing, China) Inertsil ODS-3
column (250 × 4.6 mm ID, 5 μm). A solvent system of tetrahy-
drofuran/methanol/0.1 M phosphate buffer, pH 6.5 (25:30:45,
v/v/v) with a flow rate of 1.0 mL/min, and the absorbance at
234 nm was recorded. The retention times of the reaction prod-
ucts were compared with those of authentic 13(S)-H(P)ODE
and 9(S)-H(P)ODE isomers (Cayman Chemical, Ann Arbor,
MI, USA).
MDA content assay
Malondialdehyde content was measured as described by Heath
and Packer (1968). The pea leaves (0.3 g) were homogenized
in 5 mL of 0.1% trichloroacetic acid and centrifuged at 10 000g
for 5 min. After centrifugation, 1 mL of supernatant was mixed
with 4 mL of 0.5% thiobarbituric acid, and the mixture incubated
in boiling water for 30 min, after which it was transferred to
an ice bath to stop the reaction. The absorbance was read at
532 nm and adjusted for non-specific absorbance to 600 nm.
MDA content was estimated by using an extinction coefficient
of 155 mmol/L per cm.
Western-blot analysis
A 20 μg sample protein was electrophoresed through 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) with the Mini-Protein system (Bio-Rad) according
to methods described by (Laemmli 1970) and then eletrotrans-
ferred to a nitrocellulose membrane (0.45 μm, Amersham Life
Sciences, Du¨bendorf, Switzerland) (Towbin et al. 1979). For
western blot analysis, immunological detection of proteins on
the nitrocellulose membrane was carried out with the rabbit
polyclonal monospecific antibodies raised against cucumber
LOX in a 1/1 000 dilution and alkaline phosphatase conjugated
anti-rabbit IgG antibody from goat (Sigma; 1:1 000 dilution) as a
secondary antibody at 25 ◦C. Immuno-decorated proteins were
visualized by a staining reaction with p-nitroblue tetrazoline chlo-
ride and 5-bromo-4-chloro-3-indolylphosphate according to the
supplier’s instructions. The intensity of immunoblotting signal
was determined by densitometer.
Immunocytochemical analysis
Tissue preparation was essentially conducted according to the
methods as previously described (Zhang et al. 2001; Zhang and
Wang 2002). Leaf samples were cut into small cubes (about
2–3 mm3) and immediately immersed into 2% (w/v) 1-ethyl-
3-(3-dimethylamino-propyl) carbodimide (EDC). A polyclonal
antibody against cucumber LOX diluted (1:100) and a goat anti-
rabbit IgG antibody conjugated with 10 nm gold (diluted 1:50)
were used for immuno-reaction. The sections were examined
with a JEM-100S transmission electron microscope.
Immunocytochemical analysis of JA was carried out follow-
ing the procedures mentioned above except for using anti-JA
polyclonal antibodies (diluted 1:300) instead of anti-LOX.
Two types of control were carried out in order to test the
specificity and reliability of the immunogold labeling. One was
the use of the rabbit pre-immune serum instead of the antibodies
against LOX/JA and the other was the omission of the anti-LOX/-
JA to test the possible unspecific labeling of the goat anti-rabbit
IgG antibody-gold conjugated. More than three repetitions of the
control experiments were conducted for each sample.
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